Bunketsu-waito, one of the tillering dwarfs, was reported to be controlled by triplicate genes, d3, d4 and d5. Although a segregation ratio fitting to 15 : 1 for bunketsu-waito was observed in the F 2 s of the crosses between H-52 (bunketsu-waito) and genetic marker lines No.201 or H-61, the backcross of (H-52 × H-61) F 1 × H-52 showed a segregation ratio of 1 : 1 for normal vs. bunketsu-waito and the reciprocal backcross showed a decrease of the segregation ratio for bunketsu-waito from 1 : 1. These results demonstrated that bunketsuwaito was controlled by a single recessive gene and suggested that the abnormal segregation of bunketsuwaito in the F 2 of H-52 × H-61 was caused by a gametophyte gene linked to a gene for bunketsu-waito. Furthermore, the decrease of the segregation ratio of bunketsu-waito in the F 2 of H-125 × Kasalath was also observed and was considered to be due to a gametophyte gene, based on the results of reciprocal backcrossing between H-125 and the F 1 of H-125 × Kasalath. Thus, it was assumed that bunketsu-waito was controlled by a single recessive gene, and that the bunketsu-waito gene was mapped between RM 587 and RM 4608 on chromosome 6, based on linkage analysis using SSR markers.
Introduction
The population of the world continues to increase by 80 million people a year, and 70% of these people live in riceconsuming countries. On the other hand, the rate of rice production is slowing down. It was predicted that there will be a shortage of rice by 2020 (Khush 1999) . In the 1960s, a quantum jump in rice production, namely the "Green Revolution in Rice," occurred as a result of the improvement of plant height, as exemplified by IR8 which was a semi-dwarf characterized by lodging resistance, nitrogen responsiveness and erect leaves (Chang and Li 1980) . In order to provide enough rice for the increasing population, further expansion of the world rice production is required (Khush 1999) . One of the newer strategies that led to a dramatic increase in rice production was a further modification of the plant type (Khush 1995) . A breakthrough in rice production could be attained by increasing the total biomass and raising the harvest index to around 0.6 from 0.5, the current index of modern high-yielding varieties. Thus, IRRI proposed a new plant type (NPT) characterized by a reduction in the tiller number, an increase in the number of grains per panicle and straw stiffness. Since NPT varieties do not generate unproductive tillers, the harvest index increases. Furthermore, the regulation of the tiller number is important because solar energy and mineral nutrients are used more efficiently due to the elimination of unproductive tillers.
Tillering mutants, moc1 (monoculm1) (Li et al. 2003) , rcn1-5 (reduced culm number1-5) (Takamure and Kinoshita 1993, Takamure 1994) , and 8 kinds of tillering dwarfs (gene symbols listed by Kinoshita 1995) have been known. Among them, in moc1 and rcn1-5 the tiller number was reduced. On the other hand, tillering dwarfs are characterized by a large number of tillers, slender leaves, short culms, short panicles and small grains. Five out of 8 kinds of tillering dwarfs were controlled by single recessive genes (d10, d14, d17, d27 and d33), and Dwarf kyusyu3 was controlled by a dominant gene, D53 (Iwata et al. 1977) . The remaining one, bunketsu-waito, was controlled by triplicate genes, d3 (chr.4), d4 (chr.6) and d5 (chr.2) Takahashi 1946, 1963) . A triplicate gene scheme for bunketsu-waito was established based on the segregation ratio of 63 normal: 1 bunketsu-waito in the F 2 of the cross between bunketsuwaito and Tokachi-kuromomi, in addition to the segregation ratios of 3 : 1 and 15 : 1 for normal vs. bunketsu-waito in F 2 s. Based on these results, Nagao and Takahashi (1946) and Kinoshita (1974) .
The number of tillers determines the number of panicles, which is one of the yield components, though nonproductive tillers are generated. In this regard, it is important to outline the genetic mechanism underlying tiller formation and development. Tillering dwarfs reported so far (Kinoshita 1995) are very useful for analyzing the genetic regulation of tiller formation and development. Thus, it is necessary to determine the genic scheme of bunketsu-waito for the isolation of the bunketsu-waito gene using map-based cloning. We reexamined the segregation of bunketsu-waito using reciprocal backcrosses and mapped the bunketsu-waito gene.
Materials and Methods

Plant materials
H-52 (la, Pl) and H-125 (Hg) carrying the bunketsuwaito trait were linkage-marker lines developed at the Graduate School of Agriculture, Hokkaido University, and were derived from crosses involving an original bunketsu-waito line (Nagao and Takahashi 1946) . H-61 (d2), H-79 (d2, la, bc) and No.201 were also linkage-marker lines showing normal tillering. No.201 was a sheathed-panicle mutant derived from Akamuro induced by irradiation with gamma-rays (Maekawa 1986 ).
SSR analysis
In order to map the bunketsu-waito gene, a total of 514 F 2 plants of the cross, H-125 × Kasalath, were grown in a paddy field at the Research Institute for Bioresources, Okayama University. Bunketsu-waito type plants were selected based on the characteristics of a large number of tillers and dwarfness in the F 2 . Genomic DNA was extracted from young leaf tissues of a total of 61 bunketsu-waito type plants in the F 2 by a modification of the procedure described by Kawasaki (1997) . Fifty-seven SSR primer sets were selected as markers for genome-wide covering, according to Temnykh et al. (2000) and McCouch et al. (2002) . PCR reactions were conducted as follows: 1 cycle of 7 min at 95°C and 30 cycles of 45 sec at 95°C, 1 min at 55°C and 2 min at 72°C.
Results and Discussion
Bunketsu-waito is characterized by slender leaves, small panicles and spikelets, early development of the primary tiller at the seedling stage as well as by a large number of tillers, as illustrated in Figure 1 -a. H-125 and Kasalath have 93 and 12 tillers, respectively ( Fig. 1-a) . Furthermore, a 10-day old seedling of H-125 with exertion of the 4th leaf, developed the first primary tiller from the first leaf axil of the main stem ( Fig. 1-b and Fig. 1-c) , whereas Kasalath, a normal plant did not produce any tillers at the same stage ( Fig. 1-b and Fig. 1-d) . On the other hand, the first primary tiller of Kasalath was observed from the second leaf axil. This observation demonstrated that the primary tiller from the first leaf axil of the main stem in bunketsu-waito was not dormant, as Onishi and Takamure (1997) had reported. This suggested that the bunketsu-waito gene might repress dormancy of the primary tiller at the first leaf axil of the main stem. The early development of the first primary tiller in bunketsu-waito could be very useful for identifying the bunketsu-waito type at the seedling stage.
In the F 2 s of No.201 × H-52 and H-52 × H-61, segregation of bunketsu-waito showed a good fitness to the ratio of 15 : 1 for normal vs. bunketsu-waito (Table 1) . On the other hand, the F 2 of H-79 × H-52 showed a normal segregation for a single recessive gene for bunketsu-waito. Further segregation for the lazy character in chromosome 11, harbored by H-52, showed a good fitness to the ratio of 3 : 1 in the F 2 s of No.201 × H-52 and H-52 × H-61 ( Table 2 ), indicating that the skewness from 3 : 1 for bunketsu-waito in the F 2 s of No.201 × H-52 and H-52 × H-61 was caused by genetic factors. These results could support the genic scheme proposed by Nagao and Takahashi for bunketsu-waito, according to which bunketsu-waito was controlled by triple recessive genes, d3, d4 and d5 and in one case, normal plants carried one or two recessive genes for bunketsu-waito, resulting in segregation ratios of 15 : 1 or 3 : 1 for bunketsu-waito (Nagao and Takahashi 1946) . Based on Nagao and Takahashi's genic scheme, it was assumed that No.201 and H-61 harbored one recessive gene out of the triple genes for bunketsuwaito. To confirm this assumption, backcrosses between H-52 and the F 1 of H-52 × H-61 were conducted. If two duplicate genes were responsible for bunketsu-waito in the F 2 of H-52 × H-61, the segregation ratio of 3 : 1 for normal vs. bunketsu-waito should be obtained in the backcrosses. As shown in Table 1 , a backcross in which the F 1 plant was used as the male parent showed a good fitness to the segregation ratio of 3 : 1 (χ 2 value = 2.3, 0.10 < P < 0.25). However, a reciprocal backcross in which the F 1 plant was used as a female parent gave a segregation ratio of 1 : 1. These results suggested that bunketsu-waito was controlled by a single recessive gene and that the abnormal segregation ratio observed in the backcross, H-52 × (H-52 × H-61) F 1 was caused by a gametophyte gene for pollen competition linked to the bunketsu-waito gene. In test with F 3 s derived from normal F 2 plants heterozygous for the bunketsu-waito gene, 7 normal segregation type lines and 18 lines with a decrease of the segregation ratio were obtained, as shown in Figure 2 . If bunketsu-waito were controlled by duplicate recessive genes in the F 2 of H-52 × H-61, the segregation ratio of 1 : 1 for the normal segregation type and the duplicate recessive segregation type would be expected in the F 3 test. The segregation ratio was significantly skewed from 1 : 1 (χ 2 value = 4.8, P < 0.05) (Fig. 2) . This result also suggested that the segregation of bunketsu-waito in the F 2 of H-52 × H-61 was not controlled by two duplicate genes. Then, based on the number of F 3 lines showing each segregation type presented in Figure 2 , the recombination value between the bunketsu-waito gene and the gametophyte gene was calculated according to the method of Nakagahra (1981) . It was assumed that the bunketsu-waito gene was linked to a gametophyte gene with a recombination value of 14.0 ± 4.9%. Furthermore, the decrease of the segregation ratio of bunketsu-waito was also observed in the F 2 of H-125 × Kasalath. F 1 plants of the cross H-125 × Kasalath showed a normal spikelet fertility (88.6%), indicating that hybrid sterility between indica and japonica rice did not occur in the F 1 plants and that the decrease of the segregation ratio of bunketsu-waito in the F 2 was not caused by hybrid sterility. Reciprocal backcrosses between H-125 and the F 1 of the cross H-125 × Kasalath indicated that the decrease of the segregation ratio observed in the F 2 was also caused by a gametophyte gene. This is because a backcross of (H-125 × Kasalath ) F 1 × H-125 showed a good fitness to the ratio of 1 : 1 and a decrease of the segregation ratio of bunketsu-waito was observed in the reciprocal backcross of H-125 × F 1 . Why was the segregation ratio of 63 : 1 for normal vs. bunketsu-waito observed in the F 2 of the cross between bunketsu-waito and Tokachi-kuromomi (Nagao and Takahashi 1946) . Based on the present reciprocal backcross results, it is suggested that a gametophyte gene might also be responsible for the segregation ratio of 63 : 1. Chromosome 6 carries several gametophyte genes linked to wx (Iwata et al. 1964 , Mori et al. 1973 . Whereas Iwata et al. (1964) detected ga1 in the F 2 s of plants exposed to the atomic bomb in Nagasaki, Mori et al. (1973) suggested the differentiation of some gametophyte genes linked to wx among japonica varieties as well as between indica and japonica varieties through extensive crossing experiments. In the present experiment, the bunketsu-waito gene was assumed to be controlled by the d4 gene alone linked to wx. Thus, it is possible that the segregation ratio of 15 : 1 or 63 : 1 for normal vs. bunketsu-waito in F 2 s could be caused by different gametophyte genes linked to d4.
Genome-wide mapping of a bunketsu-waito gene was conducted using SSR markers in 61 bunketsu-waito plants from the F 2 of the cross H-125 × Kasalath. The bunketsuwaito gene was mapped between RM587 and RM4608 in the distal region of the short arm of chromosome 6 (Temnykh et al. 2000) , and no recombinants were obtained between the bunketsu-waito gene and RM3805 (Fig. 3) . Thus, it was assumed that the bunketsu-waito gene was located in the distal region of the short arm of chromosome 6 and corresponded to d4 described by Nagao and Takahashi (1946) . d4 was linked to the wx gene on the short arm of chromosome 6 (Nagao and Takahashi 1946) , and wx was located at 8.2 cM, near RM587 (http://rgp.dna.affrc.go.jp/publicdata/geneticmap 2000/chr06.html). However, d4 was located in the most distal region of the short arm of chromosome 6, and the order was d4-wx-C in the report of Nagao and Takahashi (1963) . Although it remains to be determined why the location of d4 on chromosome 6 described in the report of Nagao and Takahashi (1963) was different from that in the present study, it is concluded that bunketsu-waito is controlled by a recessive gene located in the distal region of the short arm of chromosome 6. These results could be useful for isolating and characterizing the bunketsu-waito gene.
